Hassler's Nomenclature
Hassler's subdivision (Figs. 4 and 7), which is based on cytoarchitectonic and myeloarchitectonic criteria, is cumbersome because of its tendency to make finer and finer parcellations, which many workers find excessive. It also suffers from the fact that many of the subdivisions were made on the basis of contemporary knowledge of fiber connections that has often not stood the test of reexamination with modern techniques. The later parcellations of the human thalamus deriving from those of Hassler, although attempting to simplify his nomenclature, still suffer from many of the problems inherent in the original.
Walker's Nomenclature
In contrast with Hassler's studies in humans, parcellation of the thalamus in experimental primates, as exemplified by that of Walker, 89, 90 has tended to be based more on experimental studies, and the nuclear divisions seem much more straightforward and without finer subdivisions. One reason for this may be the much smaller size of the monkey thalamus, with attendant difficulties in resolving architectonic borders between subnuclei. However, the reliance on connectional data and in some instances on data derived from microelectrode mapping has offered a better chance of joining, in a single nucleus, regions of architectonic variation when they have common inputoutput connections or of separating them off as different nuclei if the connections differ. Following for the most part the scheme of Aronson and Papez, 4 Walker divided the anterolateral part of the ventral nuclear mass of the monkey thalamus into four primary nuclei. Three of these were regarded as components of the ventral nuclear group and were termed ventralis anterior (VA), ventralis lateralis (VL), and ventralis intermedius (VIM). The VIM was originally regarded by Walker as part of the nucleus ventralis posterior (VP), which consists of lateral (VPL) and medial (VPM) subnuclei. In this there was the seed of much future controversy. Walker's fourth nucleus, his ventralis medialis (which he named MV), was regarded by him as part of the medial group of nuclei. This is now commonly considered a component of the motor thalamus, which we and others, although retaining the name, tend to designate by the abbreviation VM, reserving the abbreviation MV for the medioventral (reuniens) nucleus.
Olszewski's Nomenclature
Most later subdivisions of the motor thalamus in monkeys have confirmed or modified the four primary divisions proposed by Walker. Among the earliest schemes and one still found useful by many workers is that of Olszewski 68 (Figs. 4 and 7). In Olszewski's plan, the VA was divided into magnocellular (VAmc) and parvocellular (VA) subnuclei, and VM became a medial subnucleus (VLm) of a large ventral lateral nucleus (VL). The rest of this VL was divided into an anterior or oral subnucleus (pars oralis [VLo] ), a dorsally placed caudal subnucleus (pars caudalis [VLc] ), an anteromedial subnucleus (area "X"), and an extreme posterodorsal subnucleus (pars postrema [VLps] , originally identified by Walker as the pars angularis of the lateral posterior nucleus). More posteriorly, Olszewski identified an oral ventral posterior lateral nucleus (VPLo). This variously has been considered as part of the region identified by Walker as VL, equivalent to Walker's VIM, or made up of parts of both. On page 19 of his atlas, 68 Olszewski himself stated that VPLo consisted of only large cells that were similar in character to those of area X. This tends to conform to Walker's description of VIM, although Olszewski's description is far more explicit. However, Olszewski stated that VPLo projected to the postcentral gyrus, like the more posteriorly situated caudal ventral posterior lateral (VPLc) and VPM nuclei, implying that VPLo was part of the somatosensory pathways. Here also were the seeds of controversy.
More Recently Proposed Nomenclatures
More recent investigations using Old World monkeys have generally been conducted in association with connection tracing experiments devoted to a particular set of afferent pathways.
In the posterior regions of the ventral nuclei, Friedman and Jones 24, 44 concentrated on the medial lemniscal terminations and Asanuma, et al., 6, 7 on the cerebellar terminations in relation to the border between the VL and VP nuclei. They concluded that the terminations of these two great afferent pathways did not overlap and showed via correlative microelectrode mapping that the anterior pole and dorsal surface of the VPL nucleus (Olszewski's VPLc) consisted mainly of large cells receiving input specifically from muscle and other proprioceptive afferents and projecting to areas 3a and 2 of the somatic sensory cortex (Fig. 8) . In New World monkeys, Kaas, et al., 47 called the large-celled region VPLs or Vps. 46 Anterior to this anterodorsal shell of VPL, Asanuma, et al., 6, 7 described an extensive, large-celled zone that consisted of Olszewski's VPLo nucleus and his VL nucleus exclusive of VLo and VLm (that is, it comprised his VPLo, VLc, VLps, and area X). The large-celled zone was shown to be the total territory in the ventral nuclear mass over which afferents from the deep cerebellar nuclei terminated, and most recent work on cerebellar terminations has tended to confirm this, although sometimes with minor variations. 76 , 77 Jones 43 later named the whole large-celled cerebellar recipient zone the posterior ventral lateral nucleus (VLp), renamed Olszewski's VLo nucleus, which was thought to be the principal termination of pallidal afferents, the anterior ventral lateral nucleus (VLa), and renamed Olszewski's VLm the principal ventral medial nucleus (VMp). This nomenclature was transferred to the human thalamus by Hirai and Jones 34, 35 ( Fig. 9) , in a study in which they clearly distinguished the anterodorsal proprioceptive shell of the VPL nucleus from the adjacent large-celled part of VL (equivalent to Olszewski's VPLo), which they called part of VLp and discarded the confusing VIM term. They formalized the large-celled anterodorsal shell of VPL as the anterior ventral posterior lateral subnucleus (VPLa) and called the remaining division of VPL, which consists of mixed large and small cells, the posterior ventral lateral posterior subnucleus (VPLp).
Ilinsky and Kultas-Ilinsky 40 concentrated on the terminations of afferents from the globus pallidus and substantia nigra in the anterior regions of the ventral nuclei in relation to the VA, VAmc, and VLo subnuclei as named by Olszewski. They decided to retain VApc and VAmc as designators of the territory of termination of nigral afferents and of afferents from the medial part of the internal segment of the globus pallidus. To this territory they added Olszewski's VLm, renaming it VM. The VLo of Olszewski, found to be the principal pallidal terminal territory, was renamed VAdc. Area X, VLc, and VPLo were joined as a common VL nucleus (VLps was not mentioned). This parcellation was essentially the same as those of Olszewski 68 and Jones, 42,43 but a third set of variants in terminology had been introduced (Table 1) .
In another major study of pallidal, cerebellar, and nigral afferent terminations in monkeys, Percheron, et al., 73 adopted a fourth and completely new nomenclature (Fig.  10) , referring to the whole lateral mass of the thalamus as a "formatio lateralis," composed of a nucleus lateralis oralis (LO) receiving pallidal afferents, a nucleus lateralis rostralis (LR) receiving nigral afferents, a nucleus lateralis intermedius (LI) receiving cerebellar afferents, and a nucleus lateralis caudalis (LC) not otherwise examined in detail but lacking cerebellar inputs and probably corresponding to VPL and VPM. Each of the nuclei had further subdivisions (Table 1 and Fig. 10 ).
Although they may not agree in detail, all of the abovementioned investigations show the value of basing subdivisions of the thalamus on the distributions of the major afferent fiber systems. They also provide clear evidence for a tripartite division of the anterolateral part of the ventral thalamic nuclear mass into cerebellar, pallidal, and substantia nigral terminal zones. The implication of the latter observation is that these three motor-related pathways are relayed separately to the cerebral cortex via parallel channels that do not converge in the thalamus. Therefore, if this system of separate channels could be identified in humans, it could provide a basis for arriving at a common terminology for the monkey and human motor thalamus. In the present study we adopt this approach in, first, comparing and arriving at a consensus between the Anglo-American and German terminologies and, second, establishing a functional correlation between experimental and neuropathological data and the observations of stereotactic neurosurgery.
Summary of Distributions of Afferent Fiber Systems in Monkeys
The tripartite division of the motor thalamus in nonhuman primates, based on the terminal distributions of nigral, pallidal, and cerebellar afferents, clearly delimits three different cytoarchitectonic targets within the large region corresponding to the old VA, MV, VL, and VIM of Walker's classification (Figs. 1-10 ). Posterior to the three terminal regions is a region in which proprioceptive fibers of the medial lemniscus terminate and which is, therefore, excluded from the classic motor thalamus. Posterior to this is the termination region of cutaneous lemniscal fi-
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Human motor thalamus bers. Each of the three terminal regions of the motor thalamus may contain subnuclei of greater or lesser cytoarchitectonic distinctiveness, whose significance may depend on whether subcomponents of the principal afferent system terminate in them. These are the cause of much confusion.
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The Anterior Region. This consists of Walker's MV and VA, the latter of which can be divided into the smallcelled part that we designate VA and the large-celled part designated VAmc. This region receives primarily nigral afferents, probably with some degree of overlap of pallidal afferents. 40, 49, 71 The Middle Region. This is the anterior division of Walker's VL (corresponding to the VLo of Olszewski, VLa of Jones, and VAdc of Ilinsky and Kultas-Ilinsky); it receives pallidal afferents. 18, 40, 73, 79, 82 The Posterior Region. More posterior parts of Walker's VL (corresponding to Olszewski's area X, VPLo, VLc, and VLps, and named VLp collectively by Jones, and VL by Ilinsky and Kultas-Ilinsky) can be readily distinguished from VLa and receive cerebellar afferents. 7, 40, 71, 78 Walker's VIM is subsumed in VLp.
"Nonmotor" Region. Posterior to the latter is a fourth "nonmotor" region consisting of the VPL nucleus of Jones (VPLc of Olszewski) that is divided into an anterodorsal shell that receives proprioceptive lemniscal afferents 7, 23, 82 and a larger central core that receives cutaneous lemniscal afferents. The divisions are not given separate names in monkeys except by Kaas, et al., 47 who called the proprioceptive shell VPLs or Vps 46 and the cutaneous core VPL. Medial to the cutaneous core is VPM, which is the termi- nation nucleus of the trigeminal lemniscus and is not clearly divided into proprioceptive and cutaneous zones. 74 Using the tripartite division of the monkey motor thalamus as a premise, we can correlate known nuclei in the human motor thalamus with their counterparts in monkeys by comparing cyto-and chemoarchitectonic characteristics (Figs. 2-6). We hope to arrive at a common nomenclature suitable for both species and an estimate of the afferent and efferent connections of the human nuclei.
Nuclear Divisions in Humans and Putative Nuclei of Termination of Afferent Fiber Systems
The region of projection of the substantia nigra includes VA, VAmc, and VMp in monkeys. The VAmc nucleus of monkeys has an unequivocal and easily recognized architecture, with large, densely staining cells and dense acetylcholinesterase activity (Figs. 2, 3 , 5A, and 6A). This structure obviously corresponds to the human nucleus called lateropolaris magnocellularis (LPomc) by Hassler 30 and vom by Dewulf. 20 The designation VAmc can thus be retained in making the comparison between the two species.
The VMp (VLm of Olszewski, LRvm of Percheron, et al., 71 ) is recognized by all authors, although its architecture does not differ greatly from that of VA and not all agree on its exact borders. Parts of it appear to be included in VA in some studies. Its cyto-and chemoarchitecture is essentially the same as the structure in humans called Vom by Hassler and it is clearly the target of nigral afferents.
The VA is somewhat more controversial, because its borders with the more posterior VLa are not clearly defined (Figs. 2 of it receives nigral fiber terminations or whether some part of it receives fibers from the globus pallidus. 37, 72 In our view, the cyto-and chemoarchitecture show a clear distinction between VA and VLa. The VA is filled with dispersed, lightly stained medium-sized cells and shows light-to-moderate acetylcholinesterase staining (Figs. 2, 3 , 5A, and 6A). The VLa is characterized by small densely stained and closely packed neurons grouped in islands and clouds separated by cell-sparse regions and shows heavy acetylcholinesterase staining (Figs. 2, 3, 5A and B, and 6B-D). On these bases, VA corresponds to Hassler's Lpo, and VLa to Hassler's Voa and Vop.
The region of projection of the globus pallidus is coextensive with the VLa nucleus in monkeys although extensions into VA or VLp have been described. As discussed above, the VLa and VA nuclei are distinct in monkeys and humans. 34, 35, 43 In the human thalamus, VLa can be equated on topographical, cytological, and histochemical grounds 34, 35 with the nucleus ventrooralis anterior (Voa) of Hassler 30 (Voe of Ohye 65 ), and it probably also includes Hassler's Vop.
In the human thalamus, Vop, as identified by Hassler, is an ill-defined structure, rather limited in anteroposterior extent and composed in part of packed small cells identical to those of the structure he named Voa, which would tend to equate it, along with his Voa, with our VLa. However, according to Hassler, Vop also contains mediumsized cells posteriorly, and he states that dentatothalamic fibers are found in it. If cerebellar fibers terminate in it, this would tend to make Vop equivalent to part of VLp. We can see no chemoarchitectonic distinction between Voa and Vop and, thus, have placed them in a common VLa nucleus. We are disinclined to accept the idea of Vop as part of the cerebellar relay nucleus, mainly because, when lesions are made in it, they yield different results from lesions of Vim (see below). The neurons of these two nuclei also appear to have different discharge properties in relation to movement, as we will see later. The large cells described by Hassler in the posterior aspect of Vop may be more correctly allocated to VLp.
In monkeys, 12, 14, 40, 78 the topography in the pallidothalamic projection 13 is such that laterally placed lesions or injections of tracer in the internal segment of the globus pallidus result in anterograde labeling of fibers that arrive in the thalamus more anteriorly, mainly via the ansa lenticularis, whereas medially placed lesions or injections in the internal segment result in labeling of fibers that arrive in the thalamus more posteriorly, via the fasciculus lenticularis. It has never been completely resolved whether the two parts of the projection terminate only in VLa or whether the anterior extends into VA. However, because the putamen projects via the ventrolateral and the caudate nucleus via the dorsomedial part of the globus pallidus, 1 two parallel streams are present. In view of the organization of the corticostriatal projection, the posterior component is involved in "motor circuits" originating in the motor areas and VA is involved in "associative circuits" originating in prefrontal cortex (Fig. 11) . This may provide a clue to the cytoarchitectonic differentiation of the human equivalent of VLa into anterior (Hassler's Voa) and posterior (Hassler's Vop) parts.
Cortical Projections of the Nigral and Pallidal Regions
The cortical projections of the nigral and pallidal territories in the thalamus also serve to distinguish the component nuclei in monkeys (Fig. 12) . The projections of VA, VAmc, and VMp appear to be diffuse and cover an extensive region of the neocortex that is weighted toward the prefrontal areas 8, 29, 38, 39, 48, 49, 60 but may extend into premotor cortex, including the supplementary motor area (SMA) 29, 71 and supplementary eye field. 38 In the case of VAmc, the projections appear to include the oculomotor eye field.
Projections of ill-defined parts of VA on the anterior cingulate gyrus 87 and on the posterior parietal cortex have also been described. 5, 78 By contrast with VA, VAmc, and VMp, VLa shows more precise and concentrated projections to the premotor and supplementary motor and, to a lesser extent, to the motor cortex. 8, 17, 28, 37, 48, 58, 59, 73, 78, 91 Its projections do not extend to the prefrontal cortex.
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Region of Projection of the Cerebellum
In monkeys the VLp is the principal or only recipient of cerebellar projections in the ventral nuclei 6, 7, 77, 79 and can be distinguished from VLa on cyto-and chemoarchitectonic grounds. Walker's VIM nucleus is included in it. The VLp, as defined by cytoarchitecture and the distribution of cerebellar fibers, corresponds to the intermediate ventral nucleus and principal superior ventral lateral nucleus of Vogt 88 and Friedemann. cholinesterase staining (Figs. 2 and 5A ). Expanding posteriorly, VLp occupies the whole dorsoventral extent of the lateral nuclear mass, maintaining the same characteristics of large deeply staining cells and weak acetylcholinesterase staining (Figs. 2 and 5B) . However, the cytoarchitecture varies: the dorsal half is composed of large deeply stained cells and the ventral half of very large, deeply stained cells, which are among the largest in the monkey thalamus. 6 The corresponding region in humans similarly contains very large cells [34] [35] [36] 65 (Fig. 3) . The three deep cerebellar nuclei project on all components of VLp, the dentate and interpositus nuclei contralaterally and the fastigial bilaterally. 6, 40, 68 There is a topography, in that anterior parts of the deep cerebellar nuclei project to the posterolateral parts of VLp (equivalent to VPLo and VLc of Olszewski) and posterior parts project to anteromedial parts of VLp (equivalent to area X of Olszewski). 7 The larger-celled ventral and posterior parts of VLp are not only recipients of the deep cerebellar projection but also receive spinothalamic 3, 7, 9 and vestibular 7,40 projections close to the boundary of VPL (Fig. 1) .
The confusing terminology used for this cerebellar target nucleus (Fig. 7 and Table 1 ) stems from the fact that each of its cytoarchitectonic components has been given a separate name (area X, VLc, VPLo, VLps). Cytologically and histochemically, these all have their human equivalents. 35 The anteromedial part of the human VLp is equivalent to area X and corresponds to the nucleus ventrooralis internus (Voi) of Hassler. The dorsal part of VLp, equivalent to Olszewski's VLc and VLps, corresponds in the human to Hassler's nucleus dorsointermedius (Dim). Finally, the larger-celled ventral part of VLp is equivalent to Olszewski's VPLo and to Walker's VIM in monkeys; it corresponds mainly to Hassler's nucleus ventrointermedius (Vim) in humans. The anterodorsal large-celled shell of VPL 23, 41 (Hirai and Jones' VPLa and Hassler's Vcea) is excluded from the cerebellar relay zone and thus from VLp.
The VLp and VLa, unlike the proprioceptive shell of VPL, are remarkably silent in anesthetized monkeys, 23, 41 so the resolution between borders of the monkey equivalent of Vim (our ventral part of VLp) and the proprioceptive shell is very clear. This is unlikely to be the case in the awake human undergoing recording prior to stereotactic thalamotomy. In recent studies in awake, behaving monkeys, recording sites putatively located in the ventral part of VLp (Olszewski's VPLo) and in VLa (Olszewski's VLo) were reported to contain many cells that responded to passive movements of joints. 2, 11, 86 Whereas the nature of these experiments makes it difficult to rule out the possibility that some of the recording sites were in fact in the proprioceptive shell of VPL (Olszewski's VPLc), it is likely that many of the cells with movement-related receptive fields were in VLp, and this is probably indicative of the situation in the awake human. In the regions in humans that are effective for elimination of tremor by lesions, many neurons respond to passive movements of joints, and microstimulation can elicit sensations referred to deep tissues. 51, 53, 65 Responsivity of the VLp region may also be modified in humans undergoing surgery in relation to the neuronal pathology that generates tremor or dystonia. [51] [52] [53] [54] [55] 85 Hence, a resolution of the Vim/VPLa border may not be possible at operation unless more distinguishing features of the movement-related responses in the two subnuclei can be established.
Cortical Projections of the Cerebellar Region
According to Strick and Wise, 80, 92 the subnuclei VPLo and VLc named by Olszewski in monkeys receive projections of anterior cerebellar nuclei and project to motor area 4, whereas area X receives projections of posterior cerebellar nuclei and projects to the premotor cortex. Asanuma, et al., 7 and Jones, et al., 45 describe a mediolateral topography and a projection of the whole VLp nucleus to area 4 60 The anteromedial region (area X of Olszewski) projects mainly to the premotor areas and SMA, 17, [58] [59] [60] [61] 76 but supplementary projections also reach area 4. 17, 58, 59 Additional projections to posterior parietal areas have been described from all the subnuclear components of VLp. 76 These may provide a route for cerebellar influences to reach parietal association cortex.
Afferent-Efferent Organization: A Neuroanatomical Overview
Although the degree of overlap and divergence in connectivity is still debated, the classic motor thalamus is clearly subdivided into distinct relays for nigral, pallidal, and cerebellar afferents, and three substantially segregated channels gain access to different functional regions of the cerebral cortex (Fig. 12 ). Pallidal and nigral afferents ending in the VA-VM nuclear group and in VLa, respectively, are relayed predominantly to the SMA, medial area 6, and prefrontal cortex, whereas cerebellar afferents ending in VLp are relayed predominantly to the primary motor area and to parts of the premotor areas as well, depending on how the division is made between motor and premotor cortex (see Asanuma, et al., 7 and Strick 80 for reviews). The motor area 4 receives its main projection from VLp and thus is the primary cortical target of the ascending cerebellar pathway, 7, 23, 45 whereas the premotor cortex and SMA receive their main projections from VLa and are thus the primary targets of the pallidal pathway. 8, 28, 58, 59 Although it would be satisfying to have entirely separate projection targets in the cerebral cortex for the nigral, pallidal, and cerebellar thalamic relays, recent retrograde tracing studies indicate that the segregation of cerebellar and pallidal inputs to the cerebral cortex is less clear cut than previously proposed.
In studies involving retrograde labeling of cells after focal injections of tracer in variously defined subdivisions of motor and premotor cortex, the percentage of labeled cells in nigral, pallidal, and cerebellar recipient nuclei of the motor thalamus varies according to the area injected. 17, 50 Darian-Smith, et al., 17 showed that the percentage of VLp neurons projecting to area 4 may reach 40%, whereas only 10 to 15% of neurons in VLa and VMp project to this area. The percentage projecting from VLp to the medial premotor cortex (area 6a) and postarcuate cortex is still approximately 30%. For nuclei projecting to the premotor areas and SMA, the percentage of VLa cells projecting to the SMA is higher than the percentage projecting to area 4. 17 These results may stem from the newly discovered presence in at least some of the motor thalamic nuclei of two populations of neurons, one projecting to middle layers of a particular cortical field and the other projecting diffusely to superficial layers of many cortical fields. These two populations can be distinguished in monkeys by immunoreactivity for parvalbumin and 28-kD calbindin, respectively. 74, 75 In any case, the results enable us to view the different nuclei of the motor thalamus that receive information from nigral, pallidal, and cerebellar structures as consisting of major and minor channels projecting to different targets in the motor-premotor areas and SMA (Figs. 11 and 12 ). The major channels ensure that cerebellar input is targeted primarily on the motor cortex, pallidal input primarily on the premotor cortex, and SMA and nigral input primarily on the prefrontal cortex. However, the minor channels ensure that a defined motor or premotor area, or SMA can receive converging input coming from two or all three of the nuclei or groups of nuclei in which nigral, pallidal, and cerebellar fibers terminate. The sharing of information between cerebellar, pallidal, and nigral circuits may explain the difficulties experienced by researchers in assigning the motor deficits observed after forebrain lesions to any one of the classic motor syndromes (pyramidal, extrapyramidal, cerebellar).
Pathophysiological Correlations
Localized Thalamic Pathology. Classic reports of au- artery or premamillary peduncle reported by Foix and Hillemand, 22 which includes the tuber, the VA and VLa thalamic nuclei, and the mamillothalamic tract; 2) an intermediate territory, supplied by the thalamogeniculate peduncle as named by Foix and Hillemand or inferolateral artery according to Percheron, 69 and including VLp and VPL/VPM and the inferolateral part of the pulvinar; 3) a posterodorsal territory supplied by the thalamogeniculate branches of the posterior choroidal peduncle, 10, 22, 70 and including mainly the geniculate bodies, the dorsal part of the anterior thalamic nuclei, the laterodorsal, lateroposterior, and pulvinar nuclei, and the dorsal part of the mediodorsal nucleus, with extensions also to the posterior part of the centre médian and medial part of VPM; and 4) a paramedian territory supplied by the retromamillary or thalamoperforate peduncle of Foix and Hillemand and incorporating the mediodorsal and intralaminar nuclei, including the centre médian and parafascicular, extending also to the medioventral nucleus and inferomedial parts of the laterodorsal and lateroposterior nuclei.
The best-known syndrome is that of Dejerine and Roussy 19 and results from lesions involving much of the lateral and posterior aspects of the thalamus and extending to the lateral part of the mediodorsal nucleus. This syndrome is characterized by a series of contralateral symptoms including: 1) mild, regressive hemiparesis; 2) hemianesthesia or hypesthesia; and 3) hemiataxia and astereognosis. Choreoathethotic movements and thalamic pain are also observed in some cases. This is obviously a mixed syndrome resulting from involvement of cerebellar and somatosensory pathways or their terminations. According to Foix and Hillemand, 22 ischemic lesions in the intermediate territory (the territory of the thalamogeniculate peduncle) affecting ventral, posterior, and inferior regions of the thalamus give rise to contralateral hemisensory symptoms and motor defects, characterized by incoordination of movements, ataxia, asynergia, intentional contractures, synkinetic and choreoathetotic movements, and the so-called "thalamic hand" characterized by "tonic deformation of the hand with light involuntary movements of the fingers similar to the athetoid reaction." 22 Lesions in the paramedian territory (the territory of the thalamo-perforating peduncle) affecting mainly the cerebellothalamic connections along with the internal medullary lamina and the intralaminar nuclei, including the centre médian and parafascicular, give rise to a cerebellar syndrome with intention tremor and, more rarely, choreoathetotic symptoms if lesions extend into subthalamic structures. More restricted lesions can give differential sensory or motor effects. One group of posterothalamic lesions is represented by pure sensory stroke 21 because of restricted lesions of the ventroposterior nucleus (the cheirooral syndrome in Garcin and Lapresle 27, 84 ). In cases in which there are sensory deficits due to a lesion of VPL/ VPM, these may occur in conjunction with a cerebellar syndrome caused by the interruption of cerebellar fibers traversing VPL or by enlargement of the lesion anteriorly into VLp. 25 According to Garcin and Lapresle, 26 an intrathalamic lesion affecting cerebellar afferents to the intralaminar nuclei and in conjunction with damage to the mediodorsal nucleus may determine that cerebellar signs present as the main syndrome. On the other hand, the appearance of choreoathetotic movements after lesions of the same area may be provoked by the interruption of pallidothalamic and thalamostriate circuits at the level of the centre médian and parafascicular nuclei or by extension of lesions into subthalamic pathways.
Among the neuropsychological symptoms that have been reported in cases of vascular or stereotactically placed lesions of the motor thalamus, hemineglect and motor hemispontaneity (right-sided lesions) and reduced verbal output (left-sided lesions) may be best understood as being related to dysfunction of a thalamofrontal loop, 12 cryothalamotomy of regions corresponding to our VLa or VLp is equally effective in producing relief of symptoms in abnormal movement disorders. Cooper and coworkers 15, 16 stress that a chemical lesion interrupting the cerebellothalamic tract in a region corresponding to the ventral part of the VLp in our scheme, is most effective in abolishing tremor. Narabayashi, 62 Ohye and colleagues, 64, 65, 67 and Yamashiro and Tasker 81, 93 claim that more selective involvement of the ventral parts of VLa and VLp (Vop and Vim according to Hassler) is capable of relieving rigidity, dystonia, and tremor. According to them, the posterior part of this region, identified as Vim, is the best target for relieving tremor regardless of its type.
It is difficult for us to determine conclusively the target considered to be Vim, as identified stereotactically. It is invariably located just anterior to a region in which neurons have cutaneous receptive fields. Should the target, therefore, be regarded as the anterodorsal shell of VPL (VPLa of Hirai and Jones 35 ) instead of the posterior part of VLp (see Fig. 9 )? As discussed earlier, if Vim is the equivalent of the VPLo of Olszewski in monkeys (the ventral part of our VLp), it is a cerebellar terminal zone. If it is equivalent to the anterodorsal shell of the VPLc of Olszewski (our VPLa) it is lemniscal in character (Fig. 8) . If Vim is part of VLp, it should lie anterior to a zone of proprioceptive neurons (VPLa). If it is equivalent to VPLa, it should lie anterior to a large zone of cutaneous neurons (VPLp). From our reading of the literature, it appears that the effective target for the relief of tremor is immediately anterior to a zone of cutaneous responses, but it may include both VLp and VPLa. From the anatomical point of view, the posteroventral part of VLp is characterized by larger cells in comparison with the rest of VLp and by a more homogeneous population in comparison with VPLa. In this part of VLp, there is convergence of cerebellar afferents with spinothalamic and possibly vestibular afferents, but terminations of lemniscal afferents, including the central projections of Group I muscle afferents, do not extend into it from VPLa. From the physiological point of view, it is hard to typify the region effective for tremor relief in humans as purely cerebellar or purely lemniscal in character. 79 Microelectrode stimulation in this region in Parkinson's disease leads to rhythmic spontaneous muscular activity that is correlated with the tremor. Destruction of 40 to 60 mm 3 of tissue causes the disappearance of tremor, including essential tremor, lasting 7 to 8 years. In the effective region, unitary responses to passive movement of joints show a somatotopic arrangement exactly as in the proprioceptive shell of VPL in monkeys, whereas stimulation in the effective region is associated with contralateral kinesthetic sensations. [52] [53] [54] [55] 65 The multiple afferent pathways converging on the posteroventral part of VLp and the proximity of the proprioceptive shell of VPL could explain why a variety of types of tremor generated by different mechanisms and at different sites may be alleviated by lesions aimed at the ventral part of VLp ("Vim"). 67 More anteriorly, selective thalamotomy at the level of VLa, including the region called Vop by Hassler, reduces the rigidity but not the tremor of Parkinson's disease. The Voi in Hassler's scheme (corresponding to the anteromedial part of VLp in ours) seems to be the best target for the alleviation of dystonic syndromes, 32 although the adjacent Vop nucleus has also been thought to be a highly effective target. 54 In experiments in monkeys, in which lesions of the cerebellar nuclei had produced a complete cerebellar symptom complex (that is, tremor at rest and intention tremor, with ataxia and dysmetria), Carpenter and Hanna 14 were able to reduce the tremor but not the ataxia and dysmetria by making a second lesion in the region of VLp, extending into the centre médian nucleus. Considering the human pathology and the results of experimental studies in nonhuman primates, we can conclude that: 1) the target for eliciting and suppressing tremor probably is primarily represented by the ventral part of VLp (Vim according to Hassler) but it may also include the proprioceptive anterodorsal shell of VPL (VPLa according to Hirai and Jones, Vcea in Hassler); 2) the target for suppressing "extrapyramidal" hypertonia is represented primarily by the anterior part of VLa (Voa in Hassler's scheme) or possibly by fibers arising from the centre médian nucleus and crossing VLp; and 3) an intermediate target, in which lesions are able to reduce tremor and hypertonia, is represented by the posterior part of VLa and/or the anterior part of VLp, that is, by an area which is at the border of nuclei that receive pallidal and cerebellar inputs and which may correspond to the Vop in Hassler's scheme; lesions in this region may also exert their effects by interrupting fibers arising from the centre médian nucleus on their way to basal ganglia and/or cerebral cortex.
Conclusions
We can now recognize that in the motor thalamus of primates the three major motor-related afferent channels have separate regions of distribution: an anteromedial region reached by nigral afferents, an anterolateral region reached by pallidal afferents, and a posterior region reached by cerebellar afferents and possibly divided into a large, pure cerebellar territory and a smaller ventroposterior territory reached by both cerebellar and mixed sensory afferents. Posterior to the latter portion is the proprioceptive part of the lemniscal territory (VPLa; Fig. 9 ). An agreement on terminology for the three motor-related regions should be based on three principal criteria: first, the topographical distribution of the separate afferent pathways; second, the architectonic and histochemical characteristics of the thalamic targets; and third, the connections of these thalamic targets with the cerebral cortex. The anterolateral position of all three target regions in the thalamus places them within the VA-VL-VIM-MV of Walker. In this area there is an anterolateral region receiving nigral pathways (our VA, VAmc, and VMp); an anteromedial region receiving pallidal pathways, which may or may not overlap (our VLa); and a posterior region (our VLp) that receives cerebellar afferents throughout its extent and mixed sensory afferents in its extreme ventroposterior part. Despite the several alternative terms proposed by a number of researchers for monkeys and humans, there is no disagreement about the total extent of the region that should be considered the motor thalamus ( Fig. 1) and most are agreed that its further subdivision should be based primarily on the distribution of the three motor-related afferent systems. The terminology of the different authors is most divergent in the inclusion of VLa in the VA/VM complex 40 or laterooralis formation, 71 or in the VL complex as favored by Jones. 43 The separation of the VLa nucleus from VA/VM is justified by the differential distribution of pallidal and nigral projections and also by the distinct cytoarchitectonic and histochemical aspects of the two terminal domains as well as by their differential projections on the premotor and prefrontal cortices.
The proposed nomenclature seems to fit well with the pathophysiology associated with localized lesions of the thalamus and with the effects of neurosurgical intervention. Spontaneous vascular lesions rarely produce isolated extrapyramidal symptoms (dystonia or choreoathetotic movements) attributable to involvement of thalamic nuclei receiving pallidal (VLa) or nigral (VA/VM) input; and thalamic lesions that lead to cerebellar symptoms are often associated with somatosensory complaints, indicating involvement of lemniscal and/or spinal as well as cerebellar terminations. In practice, the symptomatology associated with a thalamic lesion is likely to derive not only from the destruction of thalamic relay cells, but also from the interruption of one or more afferent systems (pallidal, nigral, cerebellar, lemniscal, spinal). Hence, cerebellar symptoms, choreoathetotic involuntary movements, and somatosensory symptoms may all be associated with localized lesions of the motor thalamus and its afferent pathways. Only rarely do we observe a pure cerebellar syndrome associated with a lesion of VLp and its cerebellar afferents (inferolateral artery) or a pure extrapyramidal syndrome associated with a lesion of VLa and its pallidal afferents (tuberothalamic artery). Similarly, although the parallel thalamocortical channels arising from nigral, pallidal, and cerebellar relay nuclei of the motor thalamus project in large part to separate cortical targets in the prefrontal, premotor, supplementary motor, and motor areas, the likelihood of one of these being involved in isolation is small. This ensures that the symptomatology appearing after localized lesions of the motor thalamus is complex. It usually includes alterations in direction and coordination of movements, perhaps reflecting disconnection of area 4, as well as in muscle tone and movement planning, probably indicating disconnection of the premotor areas and the SMA.
Better pathophysiological correlations may be obtained from the results of stereotactic neurosurgery. Lesions that alleviate rigidity 31 appear to have as their thalamic target the nuclei involved in pallidal circuits and included now in VLa, whereas those that alleviate all types of tremor 65 appear to have as their targets the nuclei involved in cerebellar circuits (VLp), possibly with extension into the proprioceptive lemniscal region of VPL. Destruction of the cerebellothalamic tract seems to be equally effective in alleviating tremor. 16 Suppression of rigidity and tremor may be obtained by lesion of Vop, 31 which probably reflects involvement of parts of both the cerebellar (VLp) and pallidal (VLa) terminal nuclei. Other neurosurgical approaches that are less defined, being directed at a general VL complex, are also able to reduce hypertonia and tremor. 16 In these, all or parts of the three motor-related channels could be interrupted.
